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The recognition ofmodifiedhistonesby ‘‘reader’’ pro-
teins constitutes a key mechanism regulating gene
expression in the chromatin context. Compared with
the great variety of readers for histone methylation,
few protein modules that recognize histone acetyla-
tion are known. Here, we show that the AF9 YEATS
domain binds strongly to histone H3K9 acetylation
and, to a lesser extent, H3K27 andH3K18 acetylation.
Crystal structural studies revealed that AF9 YEATS
adopts an eight-stranded immunoglobin fold and uti-
lizes a serine-lined aromatic ‘‘sandwiching’’ cage for
acetyllysine readout, representinganovel recognition
mechanism that is distinct from that of known ace-
tyllysine readers. ChIP-seq experiments revealed a
strong colocalization of AF9 and H3K9 acetylation
genome-wide, which is important for the chromatin
recruitment of the H3K79 methyltransferase DOT1L.
Together, our studies identified the evolutionarily
conserved YEATS domain as a novel acetyllysine-
bindingmodule and established a direct link between
histone acetylation and DOT1L-mediated H3K79
methylation in transcription control.
INTRODUCTION
The histone proteins are subjected to a number of posttransla-
tional modifications (PTMs) that play a critical role in regulating
chromatin dynamics and the accessibility of the underlying558 Cell 159, 558–571, October 23, 2014 ª2014 Elsevier Inc.DNA in eukaryotes (Strahl and Allis, 2000). Acetylation of lysine
residues, one of the most frequent PTMs that occur on histones,
has been well characterized as amark of active transcription that
is controlled by two families of counteracting enzymes: histone
acetyltransferases (HATs) and histone deacetylases (HDACs)
(Kouzarides, 2007). The addition of an acetyl moiety to the
ε-amino group of histone lysine residues neutralizes their posi-
tive charge, thereby reducing the electrostatic interaction be-
tween histones and DNA and diminishing nucleosome stability.
Furthermore, the bulky acetyl groups on lysine residues can
also serve as docking sites for reader proteins, which recognize
this specific modification and transduce the molecular signals
downstream to elicit various biological outcomes (Jenuwein
and Allis, 2001).
Bromodomain (BRD), a protein module evolutionarily con-
served from yeast to human, has long been thought to be the
sole protein module that specifically recognizes acetyllysine
motifs (Dhalluin et al., 1999). There are 46 BRD-containing pro-
teins in humans; despite sequence variations, all BRD modules
share a conserved fold of four a helices. The acetyl group on
the lysine substrate is recognized by a central deep hydropho-
bic pocket and is anchored by a hydrogen bond to an invariable
asparagine residue in most acetyllysine-recognizing BRDs (Fil-
ippakopoulos et al., 2012). Recently, some tandem plant home-
odomain (PHD) zinc fingers have been shown to bind histone
H3 in an acetylation-sensitive manner (Ali et al., 2012; Qiu
et al., 2012; Zeng et al., 2010). In addition, the tandem pleck-
strin-homology (PH) domain of the yeast chaperone protein
Rtt106 binds the H3K56-containing region in an acetylation-
sensitive manner (Su et al., 2012). However, unlike the BRDs,
these tandem domains also bind to the unmodified histone
H3 relatively well; therefore, the acetylation on vicinal lysine
Figure 1. The AF9 YEATS Domain Is a Novel Histone Acetylation-Recognizing Module
(A) Schematic representation of AF9 protein structure.
(B) A histone peptide microarray probed with GST-AF9 YEATS domain.
(C) Western blot analysis of histone peptide pulldowns with GST-AF9 YEATS domain and the indicated biotinylated peptides.
(D) The AF9 YEATS domain binds with highest affinity to the H3K9ac peptide. ITC curves of the indicated histone peptides titrated into the AF9 YEATS domain.
ND: not detectable.
(E) Recognition of histone acetylation is a common property of the AF9/Yaf9 YEATS domains from diverse species. Western blot analysis of histone peptide
pulldowns with YEATS domains from the indicated species and acetylated peptides.
See also Figure S1 and Table S1.residues is likely to promote existing interactions between the
unmodified histones and the reader modules. Nevertheless,
compared with our understanding of the protein modules
known to recognize histone methylation, our knowledge of
the protein modules that can recognize histone acetylation is
very limited.
Here, we report our discovery of the YEATS domains as
a novel family of histone acetylation readers. The YEATS
domain, named for its five founding domain-containing pro-
teins (Yaf9, ENL, AF9, Taf14 and Sas5), is evolutionarily
conserved from yeast to human (Le Masson et al., 2003). There
are four YEATS domain-containing proteins in humans and
three in S. cerevisiae, all of which are associated with HAT
complexes, chromatin-remodeling complexes, or transcrip-
tion-regulating complexes (Schulze et al., 2009). We found
that the YEATS domains of AF9 from diverse species all bind
to acetylated histone H3, with a strong preference for H3K9
acetylation (H3K9ac). The cocrystal structure of human AF9
YEATS with the H3K9ac peptide revealed a novel acetyl recog-
nition mechanism that is distinct from those of BRDs and tan-
dem PHD fingers. AF9 YEATS adopts an immunoglobin fold
and utilizes a serine-lined aromatic ‘‘sandwiching’’ cage for
the specific readout of acetyllysine within the ‘‘RK’’ consensus
sequence. AF9 is part of the super elongation complex and
also associates with the histone H3K79 methyltransferase
DOT1L (Smith et al., 2011). ChIP-seq experiments revealed astrong colocalization of AF9 and H3K9ac genome-wide. We
found that H3K9ac recognition by AF9 is essential for the
chromatin recruitment of DOT1L and the subsequent deposi-
tion of H3K79 methylation on target genes. Together, our
results identified the YEATS domain as a novel acetyllysine-
binding module and established direct link between histone
acetylation and DOT1L-mediated H3K79 methylation in tran-
scription control.
RESULTS
The YEATS Domain Is a Novel Histone Acetylation-
Recognizing Module
To identify novel protein modules that can recognize histone
acetylation, we utilized a modified histone peptide array that
contains peptides bearingmost known acetylated lysines on his-
tones (Table S1 available online) to screen the domains with un-
known functions. We found that the YEATS domain of the human
AF9 protein (Figure 1A) bound strongly to H3K9ac and, to a
lesser extent, the H3K27ac and H3K18ac peptides (Figure 1B).
Pulldown assays using biotinylated histone peptides or acety-
lated full-length histones showed similar results (Figures 1C
and S1A), suggesting that the binding of the AF9 YEATS domain
to the histone H3 tail is acetylation-dependent. Quantitative
isothermal titration calorimetry (ITC) analysis revealed a dissoci-
ation constant (KD) of 3.7 mM for AF9 YEATS domain to theCell 159, 558–571, October 23, 2014 ª2014 Elsevier Inc. 559
H3K9ac peptide (Figure 1D), an affinity that is much higher than
that of many BRDs to acetyllysines (Filippakopoulos et al., 2012).
The binding KD dropped to 7.0 and 11.0 mM for H3K27ac and
H3K18ac peptides, respectively; and no bindings were observed
for the H3K14ac and other acetylated histone peptides (Figures
1C, 1D, and S1B).
AF9 is an evolutionarily conserved protein in virtually all eu-
karyotes (Schulze et al., 2009). Peptide pulldowns of the
YEATS domains of AF9/Yaf9 proteins from human, mouse,
Drosophila, S. pombe, and S. cerevisiae revealed that all these
YEATS domains bound to acetylated histone H3, albeit with
slightly different specificities. The AF9 homologs in human,
mouse, and Drosophila shared similar substrate specificity,
whereas the yeast Yaf9 protein exhibited a higher binding
affinity toward H3K27ac than H3K9ac (Figures 1E and S1B).
Together, these results suggest that histone acetylation recog-
nition is an evolutionarily conserved function of the YEATS
domains.
Crystal Structure of AF9 YEATS Bound to H3K9ac
To gain molecular insights into the reader function of the AF9
YEATS domain, we solved the crystal structure of human AF9
YEATS (1-138) bound to the H31-10K9ac peptide at 2.3 A˚ (Table
S2). We found that the AF9 YEATS domain has twomonomers in
one asymmetric unit that are related by two-fold noncrystallo-
graphic symmetry (Figure S2A). Similar to what is observed in
the crystal of Yaf9 YEATS (Figure S2D) (Wang et al., 2009), the
very N-terminal segment of eachmonomer takes on an extended
b strand conformation that stabilizes an AF9 YEATS dimer in the
crystal through antiparallel b sheet formation (b1-b1’) (Fig-
ure S2B). Such a dimer is likely induced by crystal packing, as
size exclusion chromatography followed bymultiangle light scat-
tering analysis revealed that AF9 YEATS primarily existed as
monomer in solution (Figure S2C).
AF9 YEATS adopts an immunoglobin (Ig) fold that consists of
a two-layer b sandwich between eight antiparallel b strands
arranged in a Greek key topology (Figures 2A and 2C). Two a he-
lices (a1, aC) cap the b sandwich from the N-proximal end and
stabilize a compact Ig-fold through hydrophobic contacts (Fig-
ure S3A). On the basis of electron density, we could model all
138 residues of AF9 YEATS and trace the ‘‘T3-K4-Q5-T6-A7-
R8-K9ac-S10’’ residues of the H31-10K9ac peptide (Figure 2A).
The histone peptide is docked onto a surface formed by loops
L4, L6, and L8 on top of the b(4,3,6,7)-sheets in an orientation
perpendicular to the b-stands (Figures 2A and 2B). Notably,
recognition of K9ac is achieved by a serine-lined aromatic
cage in the cleft of loops L4 and L6 (Figures 2A). The long side
chain of H3K9ac snugly inserts into the acetyllysine-binding
pocket at the N-distal end of the elongated AF9 YEATS domain
(Figure 2B). The H3 binding surface is negatively charged,
thereby electrostatically facilitating the recognition of the basic
H3 peptide (Figure 2B).
Residue conservation analysis among YEATS paralogs re-
vealed strict conservation of the amino acids that compose the
H3K9ac-binding pocket (Figures 2D and 2E), suggesting that
acetyllysine readout is likely a common feature of all YEATS do-
mains. Structural alignment of the YEATS domain of AF9 with
those of yeast Yaf9 and Taf14 revealed a high degree of conser-560 Cell 159, 558–571, October 23, 2014 ª2014 Elsevier Inc.vation of the core b strands and the loops L4, L5, and L6, with
some conformational variations at loops L1, L8, and N-proximal
loops and a helices (Figure S3B). We calculated a Ca root-mean-
square deviation (RSMD) of 0.767 A˚ between AF9-Yaf9 and of
1.681 A˚ between AF9-Taf14. Since L1 and L8 loops participate
in the formation of histone-binding surfaces, the conformational
and sequence variations of L1 and L8 (Figures 2E and S3B) indi-
cate that different YEATS domains may recognize acetyllysine in
distinct sequence contexts.
A Novel Acetyllysine Recognition Mechanism of the AF9
YEATS Domain
In the AF9 YEATS-H3K9ac complex, the YEATS domain uses
loops L1, L4, L6, and L8 and strands b2 and b7 to form extensive
interactions with the H3 segment of T3-S10 (Figure 3A, stereo
view). As highlighted in the LigPlot diagram (Laskowski and
Swindells, 2011), these interactions include nine direct hydrogen
bonds, four sets of water-mediated hydrogen bonds and a
number of hydrophobic contacts (Figure 3B). Upon complex for-
mation, we calculated 764 A˚2 of the buried solvent accessible
surface (SAS) area that accounts for 43% of the SAS area of
the H3 peptide.
AF9 YEATS organizes the highly conserved residues H56,
S58, and F59 of loop L4, Y78, and F81 of loop L6, and F28
of loop L1 to generate a serine-lined aromatic cage for the
acetyllysine readout (Figure 3A). The addition of an acetyl moi-
ety causes the lysine residue to lose a positive charge while
gaining hydrophobicity, extra hydrogen bonding capability,
and an extended side-chain dimension. AF9 YEATS utilizes
the side-chain hydroxyl (OH) of S58 and the backbone amide
(NH) of Y78 to form relayed hydrogen bonding interactions
with the amide N
ε
H and carbonyl oxygen of the acetyllysine
side chain, respectively (Figure 3A). The alignment of the
acetyl group is further strengthened by water-mediated
hydrogen bonding that involves the acetyl carbonyl oxygen
and residues W32 and A79 of AF9 YEATS (Figure 3A). The
long acetyllysine side chain is sandwiched by bulky aromatic
residues H56, F59, and F81 from the bottom and F28 and
Y78 from the top, with the flat acetyl group snugly clamped
in position (Figure 3C). Notably, in addition to hydrophobic ef-
fects, the positioning of acetyllysine hydrocarbon chain over
the p-electrons of a cluster of aromatic rings (H56, Y78, F81,
F59, and F28) (Figure 3C) introduces multiple sets of CH-p in-
teractions, which collectively contributes to stable acetyllysine
binding as has been reported in many other cases of chemical
or biological recognition (Nishio et al., 1998). All these struc-
tural features suggest that the aromatic cage in the AF9
YEATS fold is optimal for acetyllysine readout, but not for
the unmodified or K9-methylated H3 tails (Figures 1C and
S1). The loss of hydrogen bond forming potential and steric
hindrance originated from a branched feature of methyllysine
render both unmodified and methylated lysine inappropriate
for AF9 YEATS recognition.
Site-Specific Recognition of Histone Acetylation by AF9
YEATS
In addition to acetylation recognition by the serine-lined aro-
matic cage, the H3K9 site-specific readout by AF9 YEATS is
Figure 2. Crystal Structure of the AF9 YEATS–H3K9ac Complex
(A) Overall structure of AF9 YEATS domain bound to the H3K9ac peptide. AF9 YEATS is shown as green ribbon with key residues of Kac pocket depicted as
salmon stick. H3K9ac peptide is shown as yellow sticks covered by the simulated annealing Fo-Fc omit map countered at 2.5 s level.
(B) Electrostatic surface view of the AF9 YEATS-H3K9ac complex structure. Electrostatic potential is expressed as a spectrum ranging from 6 kT/e (red) to +6
kT/e (blue). The H3K9ac peptide is depicted as space-filling sphere with yellow for carbon, blue for nitrogen and red for oxygen atoms.
(C) Topology diagram of AF9 YEATS domain. b strands in green are numbered sequentially from N- to C terminus and helices are shown in purple. The H3K9ac
peptide is depicted as thick yellow line with the acetyl group highlighted as magenta star.
(D) Conservation mapping around the H3-binding surface among AF9 homologs listed in (E). White and green colors indicate low (%0.25) and high (1.0) sequence
conservation, respectively. The H3K9ac peptide is shown in yellow stick.
(E) Sequence alignment of YEATS domain homologs from yeast to human. Conserved residues are shaded in yellow; identical residues are shaded in blue and
cyan. Red dots, residues forming K9ac pocket; green star, the H3R8-binding residue; blue asters, the H3T6-binding residues; purple pound sign, H3K4 pocket
residues.
See also Figures S2, S3, and S7 and Table S2.contributed by K9ac-flanking residues of histone H3. The H3
backbone interacts across loops L4, L6, and L8 of AF9 YEATS
through five direct and one water-mediated hydrogen bonds
(Figure 3D). In respect of side-chain-mediated interactions,H3R8 forms charge-stabilized hydrogen bonds with D103;
H3T6 inserts into a shallow pocket formed by A79, L106, and
L108, and is stabilized by a hydrogen bonding network
organized by a buried water; H3Q5 participates in direct andCell 159, 558–571, October 23, 2014 ª2014 Elsevier Inc. 561
Figure 3. Molecular Details for Type- and Site-Specific Recognition of H3K9ac by the AF9 YEATS Domain
(A) Stereo view of hydrogen bonding network involving H3 side chains (yellow sticks) and residues in AF9 YEATS (green sticks). Magenta dashes, hydrogen
bonds; Small cyan balls, waters.
(B) LIGPLOT diagram listing critical contacts between the H3K9ac peptide and the AF9 YEATS domain. H3 segment (orange) and key residues of AF9 YEATS
(green) are depicted in ball-and-stick mode. Grey ball, carbon; Blue ball, nitrogen; Red ball, oxygen; Big cyan ball, water molecule.
(C) Close-up view of the K9ac-binding pocket of the AF9 YEATS domain. The pocket is displayed as semi-transparent surface with key residues shown as green
sticks. Kac is depicted in both yellow stick and space-filling sphere modes.
(D) Hydrogen bonding networks involving H3 main chain and the AF9 YEATS domain. For clarity, H3 side chains are omitted from stick representation except for
K9ac.water-mediated hydrogen bonds with H3R8 and YEATS D103,
respectively. Additionally, H3K4 contributes to H3 binding by hy-
drophobic contacts with the imidazole rings of H107 and H111 of
AF9 YEATS (Figures 3A and 3B).
AF9 displayed preference to H3K9ac with compromised affin-
ities to H3K27ac and H3K18ac and weak or no detectable
bindings to the H3K14ac or acetylated H4 peptides (Figures562 Cell 159, 558–571, October 23, 2014 ª2014 Elsevier Inc.1D and S1). Sequence context comparison revealed that
H3K9ac (K4-Q5-T6-A7-R8-Kac9-S10), H3K27ac (T22-K23-A24-
A25-R26-Kac27-S28), and H3K18ac (G13-K14-A15-P16-R17-Kac18-
Q19) share a common ‘‘R-Kac’’ signature motif, which likely ac-
counts for their relatively high binding affinities with AF9 YEATS,
whereas sequence discrepancy at other positions among these
peptides may explain the 2- to 3-fold binding differences.
Figure 4. Analysis of the AF9 YEATS-H3K9ac Interactions
(A) ITC fitting curves of AF9 YEATS titrated with different frames of the H3K9ac peptides (left) and the H3 peptides containing different modifications (right).
(B) The AF9 YEATS-H3K9ac complex structure highlighting the residues used for the mutagenesis and binding studies.
(C) ITC fitting curves of H31-10K9ac peptide with point mutants clustered to H3 binding (left) or nonbinding (right) surfaces.
(D) Western blot analysis of the peptide pulldown analysis using the WT AF9 YEATS domain and the indicated point mutants.Mutagenesis and Binding Studies of the AF9 YEATS-
H3K9ac Interaction
Calorimetric titration assays using a variety of histone H3 pep-
tides revealed that the KD values were 3.7 mM for H31-10K9ac,
5.7 mM for H31-15K9ac and 2.8 mM for H34-10K9ac, whereas
230 mM and no binding were observed for the H35-15K9ac and
H37-11K9ac peptides, respectively (Figure 4A), demonstrating
the requirement of the H3 segment K4-Q5-T6 for AF9 YEATS
binding. Notably, substitution of H3R8 with alanine caused
200-fold binding reduction, underscoring the importance of
the arginine-mediated polar interactions at the 1 position (Fig-
ure 4A). By contrast, H3K4 trimethylation or H3S10 phosphoryla-
tion displayed minimal effects on H3K9ac binding (Figure 4A),
suggesting that AF9 could serve as an effective reader accom-
modating active H3 modification patterns of ‘‘H3K4me3-K9ac’’
and ‘‘H3K9ac-S10ph.’’
Similarly, point mutations of F28, S58, H56, F59, G77, Y78,
and D103 around the H3K9ac binding surface of AF9 YEATS
(Figure 4B) resulted in approximately 8- to 130-fold binding
reduction (Figures 4C and 4D). Compared with a mild binding
reduction of F28A (KD = 30.4 mM), the marked binding loss of
F59A (KD = 464 mM), and Y78A (KD = 490 mM) underscored the
importance of these two sandwiching residues in acetyllysine
recognition. A small side chain of AF9 G77, highly conserved
among YEATS domains (Figure 2E), is critical to provide an
ample space for the acetyl group (Figure 3C). Mutations of G77
to alanine or serine with bigger side chains diminished or disrup-
ted binding, respectively. Furthermore, mutation of AF9 D103,
which directly interacts with H3R8, resulted in 50-fold affinity
drop, highlighting the importance of the ‘‘R-D’’ ion pair (Fig-
ure 4B). In comparison, mutations of the residues that do notparticipate in direct H3 binding, including Q8, N43, and F47 on
the N-proximal surface of AF9 YEATS, exhibited only minor
defects in H3K9ac binding (Figure 4C).
Comparison of Distinct Acetyl-Binding Pockets
Compared with known histone acetyllysine readers such as the
BRD4 BRD and the DPF3 tandem PHD fingers (Filippakopoulos
et al., 2012; Zeng et al., 2010), AF9 YEATS represents a novel
class of acetyllysine reader. The YEATS domain adopts an Ig-
fold and makes use of two loops (L4 and L6) connecting four b
strands to generate an acetyllysine reader pocket at one corner
of the YEATS domain; and acetyllysine is inserted into a deep
pocket formed by a serine and several aromatic residues (Fig-
ures 5A and 5B). In contrast, a typical bromodomain adopts an
a-helical bundle fold and makes use of two loops (LZA and LBC)
connecting four a helices to generate a central deep acetyllysine
pocket lined by an indispensable asparagine and a few hydro-
phobic residues, as represented by the first BRD of BRD4 (Fig-
ures 5C and 5D). The DPF3b tandem PHD fingers utilize a
b2-surface to generate a shallow pocket formed by an aspartate
and three hydrophobic residues for acetyllysine readout (Figures
5E and 5F).
A close comparison of the acetyllysine pockets revealed that
AF9 YEATS and BRD4 BRD have different pocket dimension
and residue compositions. AF9 YEATS pocket possesses an
intimate encapsulation of acetyllysine; specific recognition is
achieved by relayed hydrogen bonding, CH-p interactions, and
hydrophobic contacts associated with high degree of shape
complementarity (Figures 3C).We calculated a shape correlation
statistic (Sc) (Lawrence and Colman, 1993) of 0.85 between
acetyllysine side chain and the AF9 YEATS reader pocket. InCell 159, 558–571, October 23, 2014 ª2014 Elsevier Inc. 563
Figure 5. Structural Comparison of AF9 YEATS with Other Acetyllysine Readers
(A) Side-insertion of H3K9ac into AF9 YEATS. Deep insertion of Kac is highlighted in a close-up cutaway view at the bottom. AF9 YEATS is shown in both ribbon
and semi-transparent molecular surface view. The two Kac pocket-forming loops are labeled L4 and L6.
(B) Acetyllysine recognition by the AF9 YEATS reader pocket. Relayed hydrogen bonding is shown as magenta dashes.
(C) Top-insertion of H3K14ac into the first BRD of BRD4 (Bromo1). Coordinates are taken from PDB entry, 3JVK. LZA and LBC denote two loops used for Kac
pocket formation. Close-up view illustrates the deep insertion of Kac into a half-open pocket.
(D) Acetyllysine recognition by the reader pocket of BRD4 Bromo1. Note the hydrogen bond between Asn side chain and the carbonyl oxygen of the acetyl group.
(E) Top-insertion of H3K14ac into the first PHD finger (PHD1) of the DPF3b tandem PHD fingers (PHD12). Coordinates are taken from PDB entry, 2KWJ. Note the
shallow nature of the Kac pocket highlighted in a close-up cut-away view.
(F) Acetyllysine recognition details of the DPF3b PHD1 reader pocket.
See also Figure S4.contrast, the reader pocket of the first BRD of BRD4 is relatively
open in one dimension (Sc = 0.77) (Figure 5C), and acetyllysine is
stabilized by one Asn-mediated hydrogen bond in addition to a
few hydrophobic contacts (Figure 5D). In direct contrast to the
site-specific recognition of a single acetyllysine by the YEATS
domain, some BRDs exhibited much stronger interactions with
multiply acetylated histone tails (Filippakopoulos et al., 2012;
Morinie`re et al., 2009), indicating that they may possess overlap-
ping but also distinct roles in reading histone acetylation. The
half-open pocket enables BRD4 an ideal target of the bulky in-
hibitor, (+)-JQ1 (Filippakopoulos et al., 2010). We observed a
strong binding between BRD4 BRD1 and (+)-JQ1 by ITC (KD =
12.2 nM); whereas in sharp contrast, both AF9 YEATS and the
DPF3b tandem PHD fingers had no interaction with (+)-JQ1 (Fig-
ure S4A), likely due to the unmatched dimensions between
(+)-JQ1 and the reader pockets (Figure S4B).
AF9 Associates with H3K9ac-Enriched Chromatin in
Cells
AF9 is a component of large protein complexes termed as super
elongation complex (SEC) (Lin et al., 2010), elongation assisting
proteins (EAP) (He et al., 2010) or AF4/ENL/P-TEFb complex564 Cell 159, 558–571, October 23, 2014 ª2014 Elsevier Inc.(AEP) (Yokoyama et al., 2010) that contain overlapping subunits
including AFF1/4, ELL, EAF1/2, ENL, P-TEFb, and/or DOT1L
(Sobhian et al., 2010) For simplicity, the term ‘‘SEC’’ is used in
the current study. Within the SEC, the AFF1/4 scaffold proteins
directly bind to the C-terminal region of AF9, whereas DOT1L
can bind to the same region of AF9 independent of SEC (Biswas
et al., 2011; He et al., 2011). Consistent with these published re-
sults, our coimmunoprecipitation (IP) experiments demonstrated
that deletion of the C-terminal protein-protein interaction domain
(DC) of AF9 abolished or reduced the interactions between AF9
and DOT1L, the SEC subunits AFF4 and ELL2, or the P-TEFb
complex component CDK9, whereas deletion of the N-terminal
YEATS domain (DN) had no effect (Figure 6A). In contrast, pro-
tein-ChIP experiments using crosslinked cell lysates revealed
that the association with H3K9ac-enriched chromatin of the
DN mutant, but not the DC mutant, was greatly impaired (Fig-
ure 6B). These results suggest that the C-terminal region of
AF9 is responsible for protein-protein interactions between
AF9 and DOT1L or SEC components, whereas the YEATS
domain is indispensible for the chromatin recruitment of AF9.
Next, we sought to determine whether AF9 chromatin recruit-
ment depends on histone H3K9ac levels. Although a number of
Figure 6. AF9 Colocalizes with H3K9ac Genome-wide
(A) Western blot analysis of coIP using the M2 anti-Flag antibody in cells expressing Flag-AF9 and Myc-tagged DOT1L, AFF4, ELL2 or CDK9 proteins. FL: full-
length; DN: deletion of aa1-112; DC: deletion of aa480-568 of AF9.
(B) Western blot analysis with the indicated antibodies of Flag ChIP in cells expressing the full-length or truncated Flag-AF9 proteins as in (A).
(C) Genomic distribution of AF9ChIP-seq peaks in HeLa cells. The peaks are enriched in the promoter regions (Transcription Start Site [TSS] ±3K). p < 1.83 1074
(binomial test).
(D) Venn diagram showing the overlap of AF9-, Flag-AF9- and H3K9ac-occupied genes. p < 3.6 3 10265 (3-way Fisher’s exact test).
(E) Genome-browser view of the AF9- (blue), Flag-AF9- (green) and H3K9ac (red)-ChIP-seq peaks on the MYC, BMP2 and HOXA genes.
(F) Average genome-wide occupancies of AF9 (blue), Flag-AF9 (green) and H3K9ac (red) ±5 kb around the TSS.
(G) qPCR analysis of the indicated ChIP in HeLa cells stably expressing Flag-tagged AF9 or DOT1L. Flag ChIP of cells stably transduced with empty vector was
used as a negative control. Schematic of the genomic structure of theMYC gene and PCR primer–targeting regions are indicated in the top panel. The error bars
represent the SEM of three experiments.
See also Figure S5.
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Figure 7. AF9 Is Required for DOT1L-Dependent H3K79me3 Deposition and Gene Activation
(A) Venn diagram showing the overlap of AF9-, H3K9ac- and H3K79me3-occupied genes. p < 3.0 3 1082 (3-way Fisher’s exact test).
(B) AF9-occupied genes have higher H3K79me3 levels. Box blots showing the average H3K79me3 levels in the AF9- (blue) or Flag-AF9- (green) occupied genes
and the other genes (purple). *: p < 2.4 3 1064, **: p < 1.2 3 10163.
(legend continued on next page)
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HATs display acetylation activity on H3K9 in vitro, GCN5 and
PCAF are the dominant enzymes that maintain H3K9ac levels
in vivo (Jin et al., 2011). Compared with those in the mouse em-
bryonic fibroblast (MEF) cells derived from PCAF single gene
knockout (KO) mice, H3K9ac levels in the PCAF/GCN5 double
knockout (DKO) MEF cells were greatly diminished or undetect-
able (Figure S5A). Immunofluorescence (IF) experiments of the
stably expressed Flag-AF9 in these MEF cells revealed that
AF9 proteins formed clear foci that overlapped with H3K9ac on
chromatin in the PCAF KOMEF cells with normal H3K9ac levels;
in contrast, in the PCAF/GCN5 DKO MEF cells with diminished
H3K9ac levels, fewer AF9 chromatin foci were present, with
the fluorescent signals evenly distributed in the nucleus (Fig-
ure S5B). Finally, treating HeLa cells with CPTH2, a selective
GCN5/PCAF inhibitor, led to reduced histone H3 acetylation
levels and AF9 occupancy onMYC (Figure S5C). Together, these
results suggest that H3K9ac is required for AF9’s association
with specific H3K9ac-enriched chromatin loci.
AF9 Colocalizes with H3K9ac Genome-wide
To assess the chromatin occupancy of AF9 and its correlation
with H3K9ac at a higher resolution, we performed ChIP experi-
ments followed by high-throughput sequencing (ChIP-seq).
Because no antibody was available for ChIP of endogenous
AF9, we generated a HeLa cell line stably expressing Flag-AF9
(Figure S5D). ChIP-seq experiments using the anti-Flag M2 anti-
body and an anti-AF9 antibody revealed 2,378 and 575 AF9-en-
riched peaks, respectively, that were widely distributed in the
genome. Compared with the nonrepetitive genome background,
ChIP-seq peaks from both antibodies showed a strong enrich-
ment in promoter, a region within ±3 kb of the transcription start-
ing site (TSS) (Figures 6C and S5E). Flag-AF9 and AF9 ChIP-seq
uncovered 1,520 and 338 AF9-occupied genes, respectively,
with strong overlap on 311 genes that are enriched in the regula-
tion of transcription and RNA metabolism (Table S3).
We also performed H3K9ac ChIP-seq, which revealed 25,877
H3K9ac peaks over 11,603 genes in HeLa cells. Strikingly, more
than 95% of the AF9 and Flag-AF9-occupied genes were also
enriched in H3K9ac occupancy (Figure 6D). The colocalization
of AF9 with H3K9ac can be clearly visualized in a genome
browser view of the ChIP-seq signals on MYC, BMP2, and the
HOXA gene cluster (Figure 6E). Furthermore, the average distri-
bution of all AF9- and Flag-AF9 ChIP-seq peaks exhibited a
strong enrichment in the region immediate downstream of the
TSS, which recapitulated the genomic distribution of H3K9ac(C–E) AF9 depletion reduces the H3K79me3 levels on AF9-occupied genes.
(C) Average H3K79me3 occupancy along the transcription unit of the AF9-occup
H3K79me3 occupancy on the AF9-occupied genes in DOT1L KD cells (shDOT1L
from the TSS to TTS. 5 kb upstream of TSS and 5 kb downstream of TTS are als
(D) Genome-browser view of the H3K79me3-ChIP-seq peaks on the indicated g
(E) qPCR analysis of H3K79me3 and Flag-DOT1L ChIP on MYC in control and A
(F) qPCR analysis of Flag-AF9 ChIP in cells stably expressing WT or mutant Flag
(G) AF9 YEATS–H3K9ac interaction is required for H3K79me3 deposition on M
expressing WT or the indicated mutant Flag-AF9.
(H) qPCR analysis of MYC expression in cells as in (G).
In (E–H), the error bars represent the SEM of three experiments. *: p < 0.05 (two
(I) Working model of the recruitment of DOT1L and the SEC complex by AF9 via
See also Figure S6.extremely well (Figures 6F). Finally, we performed ChIP experi-
ments followed by quantitative real-time PCR (qPCR) analysis
using H3K9ac, H3K79me3, and the Flag M2 antibodies in the
HeLa cells stably expressing Flag-tagged AF9 or DOT1L (Fig-
ure S5D). The results again demonstrated a colocalization of
AF9 and H3K9ac around the TSSs and the immediate down-
stream regions, where DOT1L occupancy and H3K79me3
enrichment were also detected (Figures 6G and S5G).
AF9 Recruits DOT1L to Deposit H3K79 Methylation and
Promote Active Transcription
DOT1L recruitment and the subsequent deposition of H3K79
methylation are ubiquitously coupled with active transcription
(Steger et al., 2008). However, it still remains unknown how
DOT1L is recruited to specific chromatin loci. Because AF9
binds to both DOT1L and the acetylated histone H3, we hypoth-
esized that AF9 recruits DOT1L to target genes to deposit
H3K79me3 and promote active transcription. To test this hy-
pothesis, we first performed H3K79me3 ChIP-seq in HeLa
cells. We identified 8,021 H3K79me3-enriched genes that
strongly overlapped with H3K9ac ChIP-seq peaks (Figures 7A
and S6A). Importantly, approximately 90% of AF9-occupied
genes and 80% of Flag-AF9-occupied genes overlapped with
genes enriched in both H3K79me3 and H3K9ac. Notably, the
H3K79me3 levels on the AF9- and the Flag-AF9-occupied genes
were significantly higher than that on non-AF9-occupied genes
(Figure 7B).
Next, we sought to determine whether the H3K79me3 levels
on the AF9-occupied genes are dependent on AF9. We
knocked down AF9 in HeLa cells by shRNAs (Figures S6B
and S6C) and performed H3K79me3 ChIP-seq experiments.
As a control, we also performed the ChIP experiment in
DOT1L knockdown cells. AF9 depletion led to a moderate
reduction of H3K79me3 levels on the AF9- and Flag-AF9-occu-
pied genes, whereas DOT1L knockdown resulted in a greater
reduction of H3K79me3 levels on these genes (Figures 7C
and S6D). A genome-browser view of the H3K79me3 ChIP-
seq and ChIP-qPCR analysis in AF9 knockdown cells also
demonstrated the reduction of H3K79me3 levels on individual
AF9-occupied genes (Figures 7D, 7E, and S6E), accompanied
with diminished DOT1L occupancy (Figures 7E and S6E) and
reduced gene expression (Figure S6F). Together, these results
suggest that AF9 is required for DOT1L recruitment and
H3K79me3 deposition to promote active transcription. Interest-
ingly, knockdown of the SEC component AFF4 also slightlyied genes in control (shControl, green) and AF9 KD (shAF9, blue) HeLa cells.
, red) is shown for comparison. The gene body length is aligned by percentage
o included.
enes or regions in cells as in (C). AF9 ChIP-seq peaks are shown on top.
F9 KD HeLa cells stably expressing Flag-DOT1L.
-AF9.
YC. qPCR analysis of H3K79me3 ChIP in control and AF9 knockdown cells
-way unpaired Student’s t test).
recognition of H3K9ac by the YEATS domain.
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affected DOT1L recruitment and H3K79me3 deposition onMYC
(Figure S6G).
The YEATS Domain Is Required for the Chromatin
Recruitment of AF9 and DOT1L
Next, we askedwhether the recognition of H3K9ac by the YEATS
domain is required for AF9’s chromatin recruitment. We gener-
ated HeLa cells stably expressing Flag-tagged WT AF9 or the
H3K9ac-bindingdeficientmutants (F59AandY78A) (FigureS6H),
and we performed IF experiments to assess their nuclear locali-
zation. WT AF9 proteins formed clear foci overlapping with
H3K9ac distribution on chromatin in HeLa cells; in contrast, the
H3K9ac-binding deficient mutants were evenly distributed in
the nucleus without apparent foci (Figure S6I). Consistent with
the IF data, ChIP experiments in these stable cells revealed
that WT AF9 bound strongly on MYC and PABPC1, whereas
the bindings of F59A and Y78A mutants on these genes were
severely impaired (Figure 7F and Figure S6J). Taken together,
these results suggest that the YEATS domain is essential for
AF9 chromatin recruitment.
Finally, we sought to determine whether the recognition of
H3K9ac by the AF9 YEATS domain is required for the chromatin
recruitment of DOT1L and for target gene expression. We
performed ‘‘rescue’’ experiments by ectopically expressing
shRNA-resistant WT or mutant AF9 in AF9-depleted HeLa
cells and assessed H3K79me3 and the expression levels of
MYC and PABPC1. Depletion of endogenous AF9 reduced
H3K79me3 and the expression levels of these genes. Ectopic
expression of WT AF9, but not the F59A and Y78A mutants, in
the AF9-depleted cells restored H3K79me3 on MYC and
PABPC1 to a level similar to that in the control cells (Figures
7G and S6K). Consistently, WT AF9, but not the H3K9ac-binding
deficient mutants, rescued target gene expression in AF9 knock-
down cells (Figure 7H). Taken together, our findings support a
model in which AF9, via the recognition of H3K9ac by its YEATS
domain, recruits DOT1L (and possibly the SEC) to target genes,
which in turn deposits methylation on histone H3K79 to promote
active transcription (Figure 7I).
DISCUSSION
The YEATS Domain Possesses a Novel Mechanism for
Histone Acetylation Recognition
Our studies identify YEATS domain as a novel class of histone
acetyllysine reader that is distinct from other known readers in
regarding to protein fold, pocket generation and acetyllysine
recognition. The YEATS domains adopt an Ig-fold consisting of
two-layer b sandwich. Ig/Ig-like family members are one of the
most abundant structural modules in the human genome and
often involved in protein-protein and protein-ligand interactions
at the cell surface or in cytoplasm (Bork et al., 1994). In addition,
a few nuclear proteins, such as the histone chaperone Asf1, are
also known to harbor an Ig/Ig-like module (Rudolph and Gergen,
2001). Structural alignment revealed that although AF9 YEATS
and the Ig domain of the Fab antibody share a similar b-rich
fold, they utilize distinct functional surfaces for substrate recog-
nition: AF9 YEATS binds to H3K9ac through the N-distal surface,
whereas Fab Ig recognizes its antigen via an N-proximal surface568 Cell 159, 558–571, October 23, 2014 ª2014 Elsevier Inc.(Figures 2C, S7A, and S7B). Furthermore, Asf1 Ig-fold interacts
with histone H3 core a helices and an H4 C-terminal b strand
via a distinct b sheet layer (Figures S7C and S7D) (Natsume
et al., 2007). These structures suggest that many surfaces over
an Ig/Ig-like fold can be exploited to achieve a particular func-
tion, and the Ig-fold of the YEATS domain represents a novel
scaffold of histone acetyllysine readers.
The acetyllysine-binding pocket of the YEATS domain is char-
acteristic of a Ser/Thr-lined sandwiching cage contributed by
several aromatic residues conserved among all YEATS domains.
Intimate encapsulation, hydrogen bonding relay and extensive
CH-p interactions are unique features of the YEATS domain gov-
erning acetyllysine-specific readout. Furthermore, site-specific
readout is contributed by additional interactions involving resi-
dues N-terminal to acetyllysine and a cross-loop surface of
YEATS. In contrast, BRDs utilize a deep yet relatively open
pocket for acetyllysine readout, with specific binding contributed
by only one hydrogen bond and a few hydrophobic contacts.
These differences underlying acetyllysine recognition between
YEATS and BRDmight partially explain the observedmicromolar
levels of binding affinity of H3K9ac for AF9 YEATS, as compared
to much weaker affinities (usually submillimolar level) of Kac-
peptide readout by many BRDs (Filippakopoulos et al., 2012).
The unique features of the YEATS domains in histone acetylation
recognition render them attractive targets of small molecule
inhibitors.
The AF9 YEATS Domain Links DOT1L and SEC to
Chromatin
Transcription is a multistate process that coordinates the
recruitment of the transcription apparatus, chromatin reorgani-
zation, and an orderly change of a series of histone PTMs. The
SAGA HAT complex and the chromatin remodeling SWI/SNF
complex are recruited to the proximal promoter regions at an
early stage, and the resulting histone acetylation and nucleo-
some rearrangement are followed by preinitiation complex as-
sembly and histone H2B monoubiquitination (Sims et al.,
2004). H2B ubiquitination, which is required for subsequent
H3K4 methylation and H3K79 methylation, controls the binding
of the H3K4 methyltransferase COMPASS complex to chro-
matin via interacting with the Cps35 subunit in yeast (Lee
et al., 2007). However, it still remains unknown how H2B ubiqui-
tination and other pre-existing histone PTMs, such as histone
acetylation, influence DOT1L recruitment and H3K79me3
deposition. Our study demonstrates that DOT1L-mediated
H3K79me3 requires the predeposition of acetylation on histone
H3K9, and that AF9, through its recognition of H3K9ac by
YEATS, plays a critical role in this process.
AF9 and its close homologous protein ENL are stoichiometric
components of the SEC (He et al., 2010; Lin et al., 2010; Sob-
hian et al., 2010). The SEC is required for the proper induction
of the HSP70 gene upon stress and is involved in HIV proviral
transcription. However, it is unclear how the SEC is recruited
to certain chromatin loci, besides interacting with sequence-
specific transcription factors. Our findings suggest an appealing
model in which AF9 (and possibly ENL) recruits or stabilizes the
SEC to the proximal regions of active promoters that are en-
riched in histone acetylation levels. Interestingly, the AF9 YEATS
domain has a strong specificity toward H3K9 acetylation,
whereas the ENL YEATS domain exhibits a slightly higher affin-
ity to H3K27 acetylation. AF9 and ENL exist in separate SECs
with nonredundant functions (Biswas et al., 2011; He et al.,
2011). Therefore, it is tempting to speculate that AF9 and ENL
occupy promoter and enhancer regions, respectively, via inter-
actions between their YEATS domains and the cognate acety-
lated histone substrates, and thus target DOT1L and the
SECs to distinct chromatin loci. In support of this hypothesis,
H3K79me3 and the Ell3-associated SEC were found to be en-
riched not only in the proximal transcribed regions but also on
active enhancers (Bonn et al., 2012; Lin et al., 2013), the regions
known to be marked with H3K27 acetylation (Rada-Iglesias
et al., 2011).
A Common Role of the YEATS Domain in Chromatin
Recruitment
The YEATS domain family of proteins has more than 100 mem-
bers in more than 70 eukaryotic species. We propose that the
recognition of histone acetylation is a general feature of the
evolutionarily conserved YEATS domain. Previous studies have
shown that the YEATS domains of human ENL (Zeisig et al.,
2005) and yeast Yaf9 (Wang et al., 2009) can bind to histones,
albeit no specific PTMs on the substrate histones were identi-
fied. Schulze et al. proposed that Yaf9 YEATS domain might
function as an acetylation reader (Schulze et al., 2010), though
they lacked direct evidence. Our study demonstrates that the
YEATS domains of AF9/Yaf9 proteins from human, mouse, fly,
and yeast indeed bind to acetylated histone H3, albeit with
slightly different specificities.
Yaf9 is a shared subunit of the SWR1 chromatin-remodeling
complex and the NuA4 HAT complex and is required for both
H2A.Z deposition and histone H4 acetylation in yeast (Krogan
et al., 2003; LeMasson et al., 2003;Mizuguchi et al., 2004; Zhang
et al., 2004). Sas5 is part of the SAS (something about silencing)
complex that acetylates histone H4K16 and functions in
silencing the heterochromatin-like mating-type locus HMR in
yeast (Meijsing and Ehrenhofer-Murray, 2001; Osada et al.,
2001); and Taf14 is a member of several complexes, including
the general transcription factor TAFIID complex, the NuA3 HAT
complex, and the chromatin-remodeling SWI/SNF, INO80 and
RSC complexes (Schulze et al., 2009). In addition to AF9/ENL,
humans have two other YEATS domain proteins, GAS41 and
YEATS2, which belong to the TIP60/SRCAP chromatin-remodel-
ing complexes and the ATAC HAT complex, respectively. It will
be interesting to determine in future studies whether the YEATS
domains are required for the chromatin recruitment of all the
YEATS domain proteins and the functions of their associated
protein complexes.
Globally, alterations in histone acetylation occur frequently in
many types of human cancers. The identification of potent inhib-
itors targeting BRD4 and other BET family proteins proved
epigenetic readers to be attractive therapeutic targets (Filippa-
kopoulos et al., 2010) Our findings indicate the importance of
the YEATS domains in connecting histone acetylation to diverse
processes during normal and neoplastic development, thus
providing the YEATS domains as potential therapeutic targets
for the treatment of human cancers.EXPERIMENTAL PROCEDURES
Crystallization, Data Collection, and Structure Determination
Crystallization was performed via the sitting drop vapor diffusion method
under 18C by mixing equal volumes (0.2-1.0 ml) of AF9 YEATS-H31-10
K9ac (1:2 molar ratio, 6–8 mg/ml) and reservoir solution containing 20%
(w/v) polyethylene glycol 4000, 5%–15% 2-propanol, and 0.1M sodium citrate
tribasic dihydrate, pH 5.6. The complex crystals were briefly soaked in a cryo-
protectant drop composed of the reservoir solution supplemented with 20%
glycerol and then flash frozen in liquid nitrogen for data collection. The diffrac-
tion data set was collected at the beamline BL17U of the Shanghai Synchro-
tron Radiation Facility at 0.9793 A˚. All diffraction images were indexed,
integrated, and merged using HKL2000 (Otwinowski and Minor, 1997). The
structure was determined by molecular replacement using MOLREP (Vagin
and Teplyakov, 2010) with the free Yaf9 structure (PDB ID: 3FK3) as the search
model. Structural refinement was carried out using PHENIX (Adams et al.,
2010), and iterative model building was performed with COOT (Emsley and
Cowtan, 2004). Detailed data collection and refinement statistics are summa-
rized in Table S2. Structural figures were created using the PYMOL (http://
www.pymol.org/) or Chimera (http://www.cgl.ucsf.edu/chimera) programs.
ChIP and ChIP-Seq Analysis
ChIP analysis was performed essentially as described previously (Wen et al.,
2014). Briefly, cells were crosslinked with 1% formaldehyde for 10 min and
stopped with 125 mM glycine. The isolated nuclei were resuspended in nuclei
lysis buffer and sonicated using a Bioruptor Sonicator (Diagenode). The
samples were immunoprecipitated with 2–4 mg of the appropriate antibodies
overnight at 4C. Staph A cells were added and incubated for 15 min, and
the immunoprecipitates were washed twice with dialysis buffer and four times
with IP wash buffer. Eluted DNA was reverse-crosslinked, purified using PCR
purification kit (QIAGEN), and analyzed by quantitative real-time PCR on the
ABI 7500-FAST System using the Power SYBR Green PCR Master Mix
(Applied Biosystems). Statistic differences were calculated using a two-way
unpaired Student’s t test. The primers used for qPCR are listed in the Table S4.
ChIP-seq was carried out essentially the same as described above, except
using protein A/G beads instead of Staph A cells for IP and use low salt, high
salt, and LiCl buffer for washes. Samples were sequenced using the Illumina
Solexa Hiseq 2000. The raw reads were mapped to human reference genome
NCBI 36 (hg19) by Solexa data processing pipeline, allowing up to two mis-
matches. The genome ChIP-seq profiles were generated using MACS 1.3.6
(Zhang et al., 2008) with only unique mapped reads. Clonal reads were auto-
matically removed by MACS. The ChIP-seq profiles were normalized to
10,000,000 total tag numbers, and peaks were called at p values % 1 3
108. The ChIP-seq peaks distribution statistics were performed using the
Cis-regulatory element annotation system (Eswaran et al., 2009).
Themethods for protein production, peptide microarray, peptide pull-down,
isothermal titration calorimetry, cell culture, viral transduction, RNA interfer-
ence, RNA extraction, and real-time PCR analysis are described in the
Extended Experimental Procedures.
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